The effective ways for underwater transducer to lower its operating frequency, to broaden its bandwidth, and to develop its miniaturization are investigated. According to the theory of coupled multimode vibrations, a novel Hybrid transducer is developed. Different from the traditional Hybrid transducer, the improved point is the low frequency vibration controlled by the zigzag piezoelectric section and the high frequency vibration controlled by the one-dimensional magnetostrictive section. Through building the equivalent circuit model and finite element model, the performances of transducer will be predicted. The analysis shows that FEM is suitable for analyzing such a Hybrid underwater transducer within 5% deviation. The corresponding tests show that the volume and weight of the Hybrid transducer undergo a sharp drop after improvement. The novel Hybrid transducer has a distinct advantage in low frequency, bandwidth, and miniaturization. The prototype has the resonance at 1.82 kHz and 3.76 kHz. It can be used effectively in the bandwidth of 1.5 kHz to 5 kHz. Its main body has an external diameter of 54 mm. The whole prototype is 235 mm long and weighs 2.61 kg.
Introduction
Compared with radio waves, the acoustic wave is still the most effective way to realize the detection, navigation, and ranging in water. In this process, the underwater transducer is an indispensable electroacoustic device, which utilizes the certain physical effect to transform energy between acoustic and electrical signals [1] . Such devices have extensive applications in many fields, such as underwater detection, underwater communication, ocean exploitation, collection of scientific data recorded at the ocean-bottom stations, and remote control in offshore oil industry. In general, in order to obtain the further detection range and the more available information, the transducers with the performance of low frequency, broad bandwidth, high power, and miniaturization become the development trend [2] . Especially accompanied by the improvement of microelectronics and information processing technology, it is becoming the bottleneck problem to lower the operating frequency and to broaden the bandwidth. In the last dozens of years, some research works have realized the outstanding effect. In 2002, a triply resonant broadband transducer fabricated at the Naval Undersea Warfare Center has generated three resonances within 15 and 35 kHz ranges [3] . In 2009, a new low frequency, broadband free-flooded piezoelectric underwater acoustic transducer researched by Lu et al. has achieved the bandwidth of 3∼ 7 kHz within the fluctuation of 6 dB [4] . In 2011, a broadband flextensional transducer designed by Pan et al. has achieved the bandwidth of 2.2∼9 kHz within the fluctuation of 10 dB [5] . Considering the numerous achievements, multiple resonances technology is still one of the most effective ways to broaden the operating bandwidth. Here we will present a novel Hybrid transducer which can satisfy the characteristics of low frequency, broad bandwidth, and miniaturization. ceramic and giant magnetostrictive material in mechanical series [6] . Its main components include three mass loads (i.e., head mass, center mass, and tail mass) and two active stacks (i.e., piezoelectric section and magnetostrictive section). Generally, the piezoelectric section is made of thin piezoelectric ceramic rings in series between the head mass and center mass, and the magnetostrictive one consists of the magnetostrictive rod, permanent magnet, coil, magnetic return path, and so forth between the center mass and tail mass. Both sections should be tightened by prestressed bolts. Remarkably, the Hybrid transducer can be driven in two different ways. The piezoelectric stack is always voltage excited, while the magnetostrictive one is current excited [7] . When the suitable couple between the double mode vibrations occurred, the bandwidth of the transducer will be broadened. This is the most favorable point. Also, this type transducer has some other unique properties such as selftuning, low operating frequency, and high electroacoustic energy conversion efficiency [8] . So it becomes a common source applied in the underwater field. Figure 1 shows the schematic diagram of our Hybrid transducer, which is different from the classical one. The main distinction lies in the piezoelectric active stack. Conventionally, a single piezoelectric stack with longitudinal vibration is used, so that the piezoelectric stack can control the higher frequency, while the magnetostrictive section can control the lower frequency. As improved, a zigzag structure will be substituted for the single bar in piezoelectric section (see Figure 1 ). The advantage of doing so is that the piezoelectric section will control the lower frequency; at the same time the frequency controlled by the magnetostrictive section will still be kept as before without any change. The reason for the above effect lies in the zigzag structure which can give a distinct lower frequency vibration. The zigzag configuration like the folding ruler will take full advantage of the volume of space, and then the certain transform will be achieved from one to multiple times of the effective length based on the longitudinal vibration. The suitable couple between the longitudinal extensional vibration and flexural vibration of the novel configuration will be beneficial to solve the coexistence between the low frequency and miniaturization of the underwater transducers, and this is also one effective way to broaden the bandwidth and to improve the ratio of transmitting power to weight.
Equivalent Circuit Model of the Hybrid Transducer
It was Mason who first introduced the equivalent circuit model for transducers in sonar [9] . Electrical equivalent circuit is an equivalent representation using certain electrical elements instead of mechanical or acoustic parts for a complex system. For example, we can use the inductors, resistors, and capacitors to represent mass, resistance, and compliance (reciprocal of spring constant), respectively, use the voltage to represent the force, and use the current to represent the velocity [10, 11] . Such an equivalent circuit is especially useful since transducers are always connected to electrical components. It is one of the most effective ways to design and estimate a transducer quickly and conveniently. Before modeling our Hybrid transducer with equivalent circuit method, some assumptions have to be considered according to its structure and application as follows:
(1) Since the size of identifiable moving parts is much smaller in terms of dimensions compared to the wavelength in the material, all the flexural vibrations will not be considered, including the flexural vibration of radiating head which looks like a horn and the flexural vibration of the beams assembled in the piezoelectric section. (2) All the prestressed bolts will not be considered. (3) All the piezoelectric discs are glued in electrical parallel and in mechanical series. It can be derived that an axially poled thin bar will take the place of the above stack [12] . (4 field intensity, 3 , is constant. Ampere's circuital law gives the relationship as ∮ 3 = ∑ (where is the drive current).
Based on the above assumptions, derived from the piezoelectric equation, piezomagnetic equation, geometric equation, and kinetic equation, the equivalent circuit will be obtained. Figure 2 illustrates the circuit representation, where every variable represents the meaning as follows:
is the equivalent impedance labeled with the different subscripts such as " 1" and " 2" for the certain component of the Hybrid transducer.
is the equivalent current labeled with the different subscripts for the certain loop in the circuit.
)/ is the clamped capacitance (where 33 is the clamped dielectric constant), and , are, respectively, the amounts of piezoelectric discs in the different stacks of the piezoelectric section. = / ⋅ 33 / 33 is the electromechanical transformer of turns ratio for the piezoelectric section (where 33 is the piezoelectric coefficient and 33 is the short-circuit compliance). What should be paid attention to is the different values in the different places. Figure 2 shows that 1 : is in the place of B, while 1 : 2 is in the place of A and C. The essence of the above difference lies in the zigzag configuration. 1 : will appear in the place where just one piezoelectric stack exists, while 1 : 2 should be in the place where two piezoelectric stacks are parallel.
/ is the clamped inductance (where is the number of turns and 33 is the clamped permeability coefficient).
=̃3 3 / 33 33 is the electromechanical transformer of turns ratio for the magnetostrictive section (wherẽ3 3 is the piezomagnetic coefficient and 33 is the compliance at constant magnetic field).
Specifically, every equivalent impedance in the equivalent circuit can be written as follows:
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where the mechanical impedance can be written as the following representations:
where , , , , are the density, sound velocity, wavenumber, length of certain component, and area of certain cross section, respectively. 1 specially is the radiating surface area of the head, and 2 is its laryngeal area. In the above representations, the subscript " " stands for the radiating head, " " stands for the piezoelectric ceramic, " " stands for the beam, " " stands for the center mass, "MM" stands for the magnetostrictive material, and " " stands for the tail mass.
In addition, 1 and 2 are the radiating impedance of the head and tail mass. Considering the low frequency, the following representation will be obtained [14] :
where the subscript " " stands for the water medium and " " is the radius of the radiating surface. According to Figure 2 , the relationships between voltages and currents can be obtained on the basis of Kirchhoff 's voltage law. The materials and sizes of the main components are listed in Table 1 . As a recommendation, it is an applicable way to use the matrix operation to solve the above problem. Consider
where [Z] , [], and [U] are the matrix representations about equivalent impedances, currents, and voltages. It is obvious that the Hybrid transducer can be driven through 2 different ways, the piezoelectric stack with voltage excited and the magnetostrictive one with current excited. When the transducer is only driven by the voltage in the piezoelectric section while magnetostrictive section is open circuit, the admittance curves (including the conductance and susceptance) in water will be obtained, which is illustrated in Figure 3 ; on the other hand, if the transducer is only driven by the current in the magnetostrictive section while piezoelectric section is open circuit, the impedance curves (including the resistance and reactance) in water will be obtained, which is illustrated in Figure 4 . All the curves show that the Hybrid transducer has 2 distinguishable resonances. One is 1.55 kHz which is controlled by piezoelectric section and the other is 4.05 kHz which is controlled by magnetostrictive section.
Finite Element Model of the Hybrid Transducer
The finite element method (FEM) is one of the best effective ways to design underwater transducer [15] , whether its Discrete Dynamics in Nature and Society active material is piezoelectric or magnetostrictive. It is a numerical method by discretizing the whole system into finite elements. The program implements equations which govern the behavior of these elements and solves them all and then creates a comprehensive explanation of how the system acts as a whole. FEM is typically used for the design and optimization of a system which is too complex due to their configuration, scale, or governing equations to analyze by hand. Compared with the other theory models of underwater transducer, the large-scale assumption is not necessary for FEM. Anyway, FEM becomes an alternative consideration to model the transducer when its configuration is sophisticated or its boundary condition is complex. During this analysis process, FEM need to handle the interaction between the structural and electric fields. When in water, the fluid-structure coupled-field is also necessary [16] . After the application of finite element discretization, the coupled finite element matrix equation [17] incorporated within the FEM software will be used to handle the above two coupled-field problems.
For the electric-structure coupled-field problem applied in piezoelectric analysis in piezoelectric section, FEM operates the control equation to solve the mechanical problem for linear material behavior in the following:
where 
where Likewise, for the electric-structure coupled-field problem applied in piezomagnetic analysis in piezoelectric section, FEM still operates the same control equation like (5) and (6) for its linear behavior, but it is more complex. The reason lies in the magnetic-acoustic coupled-field problem in piezomagnetic analysis essentially. So what we need to do is to find the analogies between piezoelectric and piezomagnetic analysis, and then FEM can handle the piezomagnetic analysis by means of electric-structure coupled-field problem in piezoelectric analysis only with the replacements of variables [19] . The analogies of relevant variables are listed in Table 2 . Using these analogies, the coupled finite element matrix equation for piezomagnetic analysis can be written as follows:
where [Γ] is the ampere-turns around magnetostrictive rod and [Φ] is the magnetic flux. Considering the analogies in Table 2 , when the transducer is excited by current, , the voltage, , generated in exciting coils is = Φ/ , and the impedance of the transducer can be written as follows:
where 0 is the clamped impedance. It should be noted that the linear behaviour of the magnetostrictive material is considered in the above piezomagnetic analysis because we think its vibration evoked by the small electrical signal should be within its linear range. The analogies in Table 2 are not suitable for the nonlinear research of the magnetostrictive material.
For the fluid-structure coupled-field problem in underwater acoustic analysis, FEM operates the control equation in the following [18] :
where P is the acoustic pressure and [M fs ] is the coupled mass matrix of the fluid-structure interface, in which the superscript "fs" stands for fluid-structure interface; for [M ], [C ], and [K ], the superscript " " stands for water medium.
Once the above control equations are obtained, the suitable element type of FEM should be confirmed, and then we can build the model. For our Hybrid transducer, the following element type listed in Table 3 will be used.
According to the definitions in Tables 1 and 3 , a FEM model illustrated in Figure 5 has been constructed in the multiphysics or mechanical products of ANSYS, which is one of the most famous commercial finite element software programs. Considering a simple model and the computation speed, a whole model is not recommended. Figure 5 illustrates a 1/4 symmetrical finite element model. The necessary degrees of freedom (DOF) have been defined by selecting appropriate element type and setting the right option (see Table 3 ). And Table 1 gives the materials and size of the main components. When modeling, we should input the right material properties to define the polarization direction of the piezoelectric stacks or the bias magnetic field direction of the magnetostrictive rod aligned along the axis. A point to remember is that the input order must follow the ANSYS standard [17] , not the IEEE standard [20] . The conversion between the two standards [21] is necessary in ANSYS analysis because the input order follows the IEEE standard in most published references.
During the analysis, the suitable analysis types should be set up to achieve our interested analysis objective. Generally, the possible analysis types are static, modal, prestressed modal, harmonic, prestressed harmonic, and transient. Static analysis can be used to determine the stresses and strains when the transducer is prestressed. Modal analysis can be used to determine the operating frequencies and mode shapes of a transducer, also applied on a prestressed structure. Harmonic response analysis gives us the graph of some responses versus frequency; that is, admittance, bandwidth, efficiency, and even acoustic radiating field can be obtained. A whole prediction about underwater transducer, including the mechanical, electrical, and acoustical, will be achieved through the above analysis.
Discrete Dynamics in Nature and Society 7 Here, the impedance performances of Hybrid transducer in water have been presented. Figure 6 shows the admittance curves obtained from the single voltage drive, and Figure 7 shows the impedance curves obtained from the single current drive. The two main resonances of the Hybrid transducer are 1.88 kHz and 3.77 kHz, respectively.
Test and Discussion
A Hybrid transducer prototype has been manufactured according to the above design. The details about the materials and sizes are listed in Tables 1 and 3 . Figure 8 illustrates the prototype. Its main body has an external diameter of 54 mm. The whole prototype is 235 mm long and weighs 2.61 kg (without house and cable). Figure 9 is the admittance curves obtained from the single voltage drive, and Figure 10 is the impedance curves obtained from the single current drive. Both are obtained from the precision impedance analyzer Agilent 4294A. All the curves show that the prototype has 2 resonances, namely, 1.82 kHz and 3.76 kHz. Since the drive way such as voltage drive or current drive is alternative, it is hard for our Hybrid transducer to estimate its transmitting ability only through either the single transmitting voltage response (TVR) or the single transmitting current response (TCR). Considering the convenience to compare with the other similar transducers, a test has been finished within the range of 1.5∼5 kHz, and the max TVR is 124.5 dB at the frequency of 1.85 kHz when only the voltage drives in the piezoelectric section while the max TCR is 185.4 dB at the frequency of 3.5 kHz when only the current drives in the magnetostrictive section. It is certain that the number of turns of 682 makes important contribution to very high max TCR; the suitable bias magnetic field of 40 kA/m or so and the prestressing force of about 10 MPa are also beneficial.
A comparison is illustrated in Table 4 , where MPT is a Hybrid magnetostrictive/piezoelectric transducer developed at the Naval Undersea Warfare Center (NUWC) [22] . The two Hybrid transducers have the same operating frequency range. According to the comparison, our transducer prototype is 60% of the MPT in length, 9% of the MPT in weight, and 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200 4500 10% of MPT in cross section. But the max transmitting sound level of our transducer is less than MPT's because the volume of their active material has distinct difference.
Conclusions
A novel Hybrid transducer is developed. Its performance has been predicted through the method of equivalent circuit model and finite element model. The analysis results and
